Stripe rust, caused by Puccinia striiformis Westend. f. sp. tritici Eriks., is one of the most important and destructive diseases of wheat (Triticum aestivum L.) worldwide (1, 2, 20, 33) . Growing resistant cultivars is the most effective, economical, and environmentally friendly strategy for controlling the disease. In total, >40 Yr genes have been officially designated and >30 genes have been temporarily designated for stripe rust resistance (1, 26, 27) . However, genes for resistance to stripe rust in many wheat cultivars are still unknown. Identification of resistance genes in wheat cultivars, even overcome by new races of the stripe rust pathogen, is important for a better understanding of race changes and more proper use of various resistance genes with various strategies (1) .
Zak, a soft white spring wheat cultivar, was released by Washington State University in 2000 based on its tolerance to Hessian fly, high grain yield, and superior end-use quality (12) . Prior to 2002, Zak demonstrated excellent resistance to stripe rust races prevalent in the field. However, in commercial production in 2002, Zak was severely damaged by a new population of P. striiformis f. sp. tritici in the U.S. Pacific Northwest (1, 7) . Despite its resistance to most predominant races before 2002 and susceptibility to most predominant races since 2002, the gene or genes for resistance to stripe rust in Zak has not been studied. Therefore, it is important to identify the resistance gene or genes in Zak and determine whether the gene is present in other wheat cultivars in order to combine genes for effective resistance to stripe rust.
Currently, the differential set for identifying races of P. striiformis f. sp. tritici in the United States has 20 wheat genotypes (1, 2) . To improve the description of avirulence and virulence patterns without losing consistency, differential sets have undegone changes in number and genotypes (1, 6, 8) . The new group of races typically virulent on Yr8, Yr9, and YrExp2 (1, 2, 6, 18) are responsible for circumventing the Zak resistance. However, based on its reactions to various races (X. M. Chen, unpublished data), Zak appears unlikely to have any of the resistance genes in the differential genotypes susceptible to the new group of races. Therefore, identifying the resistance genes in Zak is essential to develop a better understanding of the virulence changes in the rust population. The Zak resistance genes are also potentially useful for monitoring virulence changes of the pathogen. The main objectives of this study were to identify the gene or genes for stripe rust resistance in Zak through genetic analysis and molecular mapping, and to compare race reactions with other wheat genotypes possessing different genes on the same chromosome.
MATERIALS AND METHODS

Plant materials.
To study the inheritance of resistance in Zak, a cross was made between Zak and 'Avocet Susceptible' (AVS), which is susceptible to most races of P. striiformis f. sp. tritici (17) . The F 1 , F 2 , F 3 , and BC 1 derived from AVS/Zak were used in genetic analyses. Chinese Spring (CS) and its complete set of 21 nulli-tetrasomic lines and selected deletion lines were used to determine the chromosomal location of the resistance gene. In addition to AVS and Zak, 30 wheat cultivars and breeding lines were used to test for polymorphisms of molecular markers closely linked to the identified resistance gene. To determine the distance between the resistance gene in Zak and Yr5, which was reported on the long arm of chromosome 2B (34), 300 F 2 plants from a cross between Zak and the Yr5 near-isogenic line in the AVS background were tested with an avirulent race for segregation. Thirty wheat genotypes were used to check polymorphisms of markers most closely linked to the gene in Zak.
Resistance evaluation. Seedlings of wheat genotypes were grown and tested for resistance under controlled greenhouse conditions as described previously (3, 4) . A total of 15 races of P. striiformis f. sp. tritici (PST-1, PST-3, PST-7, PST-17, PST-23, PST-37, PST-43, PST-45, PST-59, PST-78, PST-81, PST-98, PST-100, PST-116, and PST-127) were used to test the parental lines Zak and AVS. These races cover the major virulence groups predominant from 1960s to the present in the United States (1,2,21) (X. M. Chen, unpublished data). Race PST-43, which was avirulent on Zak but virulent on AVS, was used to test F 1 , F 2 , and F 3 progenies from the AVS/Zak cross. Race PST-45, which was avirulent on Zak but virulent on AVS, also was used to evaluate the F 3 lines. In all, ≈10 seeds for each of the parents, 3 of F 1 , 150 of F 2 , and 15 for each of 205 F 3 lines were planted in 4-by-4-by-4-cm plastic pots filled with ≈10 seeds in each pot for the parents and F 2 and 15 seeds in each pot for F 3 .
Seedlings at the two-leaf stage were uniformly dust inoculated with fresh urediniospores of a selected race in a mixture with talc (1:20) . Inoculated plants were kept in a dark dew chamber at 10°C for 18 to 24 h, then moved to a growth chamber with a diurnal temperature cycle gradually changing from 4°C at 2:00 a.m. to 20°C at 2:00 p.m. and a 16-h daily photoperiod. Infection type (IT) for each plant was recorded 18 to 20 days after inoculation based on a 0 to 9 scale (21). ITs produced on seedlings of the 30 wheat genotypes by races PST-43, PST-45, and PST-100 of P. striiformis f. sp. tritici were determined under controlled greenhouse conditions as described above.
DNA extraction, polymerase chain reaction amplification, and electrophoresis. For each of the parents and the F 3 lines, ≈15 to 20 seeds were planted. Leaf samples were harvested at the twoleaf stage and ≈2 g of tissue for each sample was ground in liquid nitrogen. Genomic DNA was extracted from the leaf powder following the protocol described by Salah et al. (29) , dissolved in 1× Tris-EDTA buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0), and stored at -20°C. DNA was quantified using the minigel method and spectrophotometer (Smartspec 3000; BioRad, Hercules, CA), and DNA concentration was adjusted to 30 ng/µl for use in polymerase chain reaction (PCR) tests.
The resistance gene analog polymorphism (RGAP) technique (5,30) was used to identify markers linked to the resistance gene in Zak. RGAP markers that were present in CS were used to test the complete set of 21 CS nulli-tetrasomic lines for localizing the gene on a chromosome (17, 30) . Chromosome 2B-specific simple sequence repeat (SSR) (28, 31) and sequence-tagged site (STS) (9) (M. N. Wang and X. M. Chen, unpublished data) markers were used to confirm the chromosome location and search for additional markers.
PCR reactions were performed in a GeneAmp PCR System 9700 thermo-cycler. Primers for RGAP, SSR, and STS markers linked to the Zak resistance gene were previously published (5, 9, 23, 28, 30, 34) , except for C1F (5′-TCAGATCGACTGTGC-AAGACTCC-3′), C1R (5′-GGGAGTTGGTCTCACCAATGG-TA-3′), pWB5 (5′-GGTGCAATTTGAGTTTGGAGT-3′), and pWN1R1 (5′-GGTGTTGACTGGAGAATCCG-3′), which were designed based on wheat bacterial artificial chromosomal (BAC) clone sequences for cloning the Yr5 resistance gene (M. N. Wang and X. M. Chen, unpublished data). For RGAP markers, a 15-µl reaction mixture consisting of 30 ng of template DNA, 3.0 µl of 5× PCR buffer (Promega Corp., Madison, WI), 0.6 unit of Taq DNA polymerase (Promega Corp.), 5 mM MgCl 2 , 0.2 mM dNTPs (Sigma-Aldrich, St. Louis), and 30 ng of each primer synthesized by Operon Biotechnologies (Huntsville, AL). The PCR amplification was performed with the initial denaturation for 5 min at 94°C; then 45 cycles, each consisting of 1 min at 94°C for denaturation, 1 min at 45°C (for RGAP primers) or 50 to 60°C (for SSR and STS primers) depending upon individual primer pairs for annealing, and 2 min at 72°C for extension; followed by a 7-min 72°C cycle for further extension. After amplification, the PCR products were kept at 4°C in the DNA cycler until removal and stored at -20°C until use.
For RGAP and SSR analyses, 6 µl of formamide loading buffer (98% formamide, 10 mM EDTA [pH 8.0], 0.5% [wt/vol] xylene cyanol, and 0.5% [wt/vol] bromophenol blue) was added to the PCR product after amplification. After denaturation at 94°C for 4 min, 5 µl of the PCR product and loading buffer mixture for each sample was loaded for electrophoresis in a 5% polyacrylamide gel as previously described (5). To estimate band sizes, two lanes at both sides of each gel were loaded with BenchTop 100-bp DNA ladder (Promega Corp.) at 3 µl/lane. After electrophoresis, the gel was silver-stained for visualization (5) .
For testing the STS markers, 10 µl of product for each sample was run in a 1.2% agarose gel at 90 V for 1 to 1.5 h. The gel was stained with ethidium bromide for 20 min and visualized under UV light.
Bulk segregant analysis. The resistant bulk was made with equal amounts of DNA from 10 F 3 lines that were homozygous resistant based on the phenotypic data. Similarly, the susceptible bulk was made with equal amounts of DNA of 10 homozygous susceptible F 3 lines. In total, 134 RGA primer pairs, 34 SSR primer pairs, and 8 STS primer pairs were screened with the parents and the bulks. The primer pairs producing polymorphic bands in bulk analysis were used to test individual F 3 lines. Polymorphic markers tested with all 205 F 3 lines were scored as present or absent. The marker and phenotypic disease reaction data were used to construct linkage maps.
Data analysis and linkage map construction. A χ 2 analysis was used to test the goodness of fit for the observed segregation to specific genetic ratios for the disease data and markers for a single locus inheritance. The "chitest" procedure in the data analysis of Microsoft Office 2003 Excel was used to calculate χ 2 and P values. A linkage map was constructed using Mapmaker version 3.0 (14) . Two-point analysis with a logarithm of odds (LOD) threshold of ≥3.0 was used to determine linkage relationships among markers whereas multipoint analysis was used to determine the best locus order in linkage groups. Recombination values were converted to map distances using the Kosambi mapping function (13) .
To determine the genetic distance between the gene in Zak and Yr5 using the recombination fraction (number of susceptible plants/number of total plants) in the F 2 population from the Zak/Yr5 cross, the formula d = -1/2ln(1 -2p) was used, where d = genetic distance measured in recombinant frequency and p = the observed recombinant fraction. Genetic distance in centimorgans was calculated as d × 100.
The percentage of polymorphism for each of the three marker loci most closely linked to the gene in Zak across the 30 wheat genotypes was calculated by dividing 30 with the number of genotypes without the marker band and timing 100%. Because a combination of two or three of the markers gave a better indication of polymorphism, the percentage of polymorphism was calculated for combinations of two or three markers, in which absence of any one of the markers in the combination was considered polymorphic.
RESULTS
Inheritance of stripe rust resistance in Zak. In the seedling tests, AVS was susceptible (IT 8) to all 15 tested races, whereas Zak was resistant (IT 2 to 4) to PST-1, PST-3, PST-17, PST-23, PST-43, PST-45, and PST-59 but susceptible (IT 7 to 8) to races PST-7, PST-37, PST-78, PST-81, PST-98, PST-100, PST-116, and PST-127 (Table 1) . Based on these results, PST-43 and PST-45 were chosen to evaluate the progenies of AVS/Zak and to identify the resistance gene or genes in Zak.
When the F 1 , F 2 , BC 1 , and F 3 progeny of the cross AVS/Zak were tested with PST-43 (Table 2 ), all three F 1 plants were resistant (IT 2); the same reaction as that of Zak indicates that the stripe rust resistance is dominant. The 150 F 2 plants segregated into 107 resistant (IT 2) and 43 susceptible (IT 8), fitting to a 3:1 ratio (P = 0.29). The segregation of 29 BC 1 plants from AVS/ Zak//AVS fit a 1:1 ratio (P = 0.85) for resistant to susceptible plants. Of the 205 F 3 lines, 48 were homozygous resistant (IT 2), 110 segregated (IT 2 and IT 8), and 47 homozygous susceptible (IT 8), fitting a 1:2:1 ratio (P = 0.53). These data support the conclusion that resistance to race PST-43 in Zak was controlled by a single dominant gene.
In total, 119 F 3 lines were tested with PST-45 to determine whether resistance to PST-43 and PST-45 was controlled by the same gene. All 26 lines resistant to PST-43 were also resistant to PST-45, 23 lines susceptible to PST-45 also were susceptible to PST-43, and 70 lines segregated in both tests of PST-43 and PST-45. These results indicated that the same gene conferred resistance to both PST-43 and PST-45. The Zak resistance gene was tentatively designated YrZak.
Molecular mapping of YrZak. Five RGAP markers were potentially associated with the resistance gene. Three of the markers, Xwgp100, Xwgp101, and Xwgp102, were repeatable and, therefore, used to test the 205 individual F 3 lines. One RGAP marker, Xwgp102, was present in CS and in all CS nulli-tetrasomic lines except the nullisomic 2B tetrasomic 2A line, indicating that YrZak was on chromosome 2B.
To determine the arm location, 34 SSR markers specific for chromosome 2B were screened. Three of the markers, Xgwm388, Xgwm501, and Xbarc1064, were linked to YrZak. Because the three SSR markers are on the long arm of chromosome 2B, YrZak was determined to be on 2BL. PCR of the chromosome CS 2BL deletion lines with Xgwm501 primers confirmed the 2BL location of the marker and YrZak. To obtain more markers for YrZak, eight STS markers linked with Yr5 on chromosome 2BL were tested with the parents and bulks. Three of them were polymorphic and associated to YrZak. This result further confirmed that YrZak was on chromosome 2BL. As an example, Figure 1 shows gel pictures of Xwgp100 and XpWB5/N1R1 representing RGAP and STS markers, respectively, associated to YrZak.
The three RGAP, three SSR, and three STS markers were used to construct a linkage group for YrZak, which spanned a total of 67.3 centimorgans (cM) ( Fig. 2; Table 3 ). Markers Xwgp100 and XpWB5/N1R1 flanking YrZak were at 3.9 and 9.4 cM, respectively. The SSR marker Xgwm501 was only 5.0 cM away from YrZak and on the same side as Xwgp100.
Relationships of YrZak to other genes on chromosome 2BL. In addition to YrZak, stripe rust resistance genes Yr5, Yr7, and YrQz were reported on chromosome 2BL (10, 15, 24, 25, 34) . To determine the relationships to these resistance genes, the Yr5 isogenic line (AVS/6*Yr5), Lee (Yr7), and Zak were inoculated with races PST-17, PST-59, PST-100, PST-116, and PST-127. The Yr5 single-gene line was resistant to all five races, Yr7 was susceptible to all five races, and YrZak was resistant to PST-17 and PST-59 but susceptible to PST-100, PST-116, and PST-127. These results indicated that YrZak was different with Yr5 and Yr7. To determine the genetic distance between Yr5 and YrZak, F 2 plants from the cross Zak/Yr5 were tested with race PST-43 to which both the Yr5 line and Zak were resistant (IT 2). Of 300 F 2 plants evaluated, 6 were susceptible (IT 8 to 9), which were confirmed by molecular markers as recombinants and not contaminants. The genetic distance between Yr5 and YrZak was calculated as 42 cM.
Polymorphism of molecular markers closely linked to YrZak in various wheat genotypes. In total, 30 wheat genotypes were tested with RGAP marker Xwgp100, SSR marker Xgwm501, and STS marker XpWB5/N1R1 to determine their usefulness in marker-assisted selection ( b P = probability of χ 2 test for goodness of fit. If P > 0.05, the observed segregation was considered fitting the expected segregation ratio. they detected polymorphism in 100% of the tested genotypes. As expected, none of the tested wheat genotypes had the three markers linked to YrZak, also indicating that these wheat cultivars and breeding lines do not likely have this resistance gene.
DISCUSSION
Genetic information, including the inheritance, type, and number of resistance genes, could be used for predicting durability of resistance in breeding lines and commercial cultivars. In the past, such information was often not available at the time of cultivar release. Identity of genes for resistance to stripe rust in many wheat cultivars is unknown. Zak is an example of a wheat cultivar that has become susceptible because it does not have non-racespecific, high-temperature adult-plant resistance. Zak was developed from the complex cross, 'Pavon S'/5/PI 167822/CI 13438 113-6//'Idaed'/'Brevor'/6/'Walladay'/7/PI 506355/8/'Treasure' and its release was based mainly on its tolerance to Hessian fly, high grain yield, and superior end-use quality (12) . Before its release in 2000, Zak had been highly resistant to stripe rust in field tests for several years. The cultivar was widely grown in eastern Washington and northern Idaho in 2002, the first year of its commercial production. In that year, a group of races, which were first identified in the United States in 2000 (6), spread to the Pacific Northwest and severely damaged Zak (7) . Results of seedling tests with various races showed that Zak was resistant to seven of the nine races that were first detected and predominant in different years before 2000 but became susceptible to all of the tested races that were first detected in and have become predominant since 2000 (1, 2, 6) .
Based on the genes in the current set of 20 wheat genotypes used to differentiate races of P. striiformis f. tritici, the major differences of the "new group" from the "old group" of races are their virulence on resistance genes Yr8 and Yr9 (1, 2) . In this study, we identified a single dominant gene in Zak and mapped it to chromosome 2BL. These results show that resistance in Zak to the old group of races is controlled by a gene, temporarily named YrZak, and that it is different from Yr8 and Yr9, which are located on chromosomes 2D and 1B (1, 27) . The new group of races also has virulence to differential cv. Express, whereas only PST-58 and PST-59 in the old group races are virulent on Express (1,2) . Recently, Lin and Chen (18) mapped two genes, YrExp1 and YrExp2, for race-specific all-stage resistance in Express to chromosomes 1BL and 5BL, respectively. Data from the present study show that Zak is resistant to PST-59. Based on the chromosomal location of YrZak, it is different from YrExp1 and YrExp2, even though YrZak and YrExp2 are resistant or susceptible to the same group of races. This indicates that the new group of races has genetic variation that has overcome the existing resistance genes such as YrZak. This gene should be valuable for more detailed determination of virulences of P. striiformis f. sp. tritici isolates.
One of the largest gene-rich regions is located around fraction length 1.0 of the long arm of wheat homoeologous group 2 chromosomes, termed the "2L1.0 region" (11) . YrZak is approximately in this region based on SSR markers linked to it. In addition, many wheat stripe rust genes, including Yr5, Yr7, Yr27, Yr31, YrSp, YrQz, YrTp, YrCN19, and YW243, are located on chromosome 2B (1,16,26,27) , of which Yr5, Yr7, and YrQz have been previously reported on chromosome 2BL (10, 27, 34) . Based on results of reactions to various races and genetic analysis, YrZak is different from Yr7 and at a locus different from Yr5. In Fig. 1 . Gels showing A, resistance gene analog polymorphism marker Xwgp100 and B, sequence-tagged site marker XpWB5/N1R1 associated with the YrZak gene in Zak for resistance to stripe rust. AVS = 'Avocet Susceptible'. RB = resistant bulk, SB = susceptible bulk of selected F 3 lines from cross AVS/Zak, and M = molecule size marker (BenchTop 100-bp DNA ladder) (Promega Corp.). For F 3 lines, R = homozygous resistant, S = homozygous susceptible, and Seg = segregated. The picture in A was silver-stained denatured polyacrylamide gels and picture in B was an ethidium bromide-stained agarose gel. the present study, we used three STS markers developed for Yr5. XSTS7/8 was developed from a co-dominant RGAP marker (9) and XC1F/R and XpWB5/N1R1 were developed from BAC clones from the AVS/6*Yr5 line (22) (M. N. Wang and X. M. Chen, unpublished data). These markers co-segregated with Yr5 in a relatively small mapping population. Based on the F 2 segregation data of Zak/Yr5, YrZak is ≈42 cM away from Yr5. In the genetic map (Fig. 2) , the markers XSTS7/8 and XpWB5/N1R1 are also at least 9.3 cM away from YrZak. However, XC1F/R was 13.4 cM away from the other two markers in this study. This could be due to the different backgrounds of Zak and the Yr5 line, because the same set of SSR markers on chromosome 2BL had different locations in different mapping populations (data not shown). Another possibility is that the fragments in the Yr5 line and Zak amplified by these markers have the same size but different sequences, because these primers amplify nucleotide-binding site sequences (9, 34) Tara 2002  PI617073  5  2  2  140  -+  WA007998  PI638537  2  2  2  140  -+  WA008008  PI653841  8  2  5  125  -+  Alturas  PI620631  5  8  8  140  --Buck Pronto  T0001052  2  2  2  ND  --Fielder  CI017268  8  8  8  140  --Jefferson  PI603040  2  2  2  150  --Lolo  PI614840  2  2  2  125  --Nick  BZ698031  8  8  8  140  --Otis  PI634866  2  2  2  150  --Produra  CI017406  2  2  8  200  --Solano  DA900229  2  2  2  140  --Bersee  PI168661  1  1  8  ND  --Druchamp  CI013723  1  1  1  140  --Polymorphism (%) c  …  …  …  …  92  63  73 a Primers and sizes of the markers are shown in Table 3 . ND = no data. b WG = wheat genetic stock number in our program, PI = plant identification number, and CI = cultivar identification number of the United States Department of Agriculture Plant Germplasm Introduction, while other numbers are from various breeding programs. c Polymorphism for each marker as indicated. Polymorphism for the combination of Xgwm501 and Xwgp100 = 100%; for Xwgp100 and XpWB5/N1R1 = 93%; and for Xgwm501, Xwgp100, and XpWB5/N1R1 = 100%.
from YrQz (10), whereas YrZak was 22.6 cM from Xgwm388. Therefore, YrZak and YrQz should be at different loci. Based on this discussion, we conclude that YrZak is likely different from previously officially designated and other temporarily designated Yr genes. In the present study, the location of YrZak on chromosome 2BL was determined by several approaches. First, we used RGAP marker Xwgp102, which was linked to YrZak and present in CS, to test the 21 CS nulli-tetrasomic lines and localized the gene to chromosome 2B. Second, we screened SSR markers specific to chromosome 2B and identified three SSR markers that were linked to YrZak. The three SSR markers mapped the gene to the long arm of chromosome 2B. Using Xgwm501 to test CS chromosome 2BL deletion lines, we further confirmed YrZak on chromosome 2BL. The RGAP markers-CS nulli-tetrasomic lineschromosomal-specific SSR marker approach is an efficient technique to map genes to particular chromosomal regions. The approach has been used to map Yr9 in the Yr9 single-gene line (30) (18, 19) .
Based on Sourdille et al. (32) and Song et al. (31) , the order of the three SSR markers used in construction of the YrZak linkage group should be Xgwm388-Xgwm501-Xbarc1064, with Xbarc1064 close to the telomere of chromosome 2BL and Xgwm388 close to the centromere. The genetic distance is ≈13 cM between Xgwm388 and Xgwm501 and 27 cM between Xgwm501 and Xbarc1064 (31) . In the present study, the genetic distances among the three markers were similar to these reports. However, the order of the markers was determined to be Xgwm501-Xgwm388-Xbarc1064 in the AVS/Zak mapping population. Variations in position, sequential order, and distance of markers on a chromosome often vary significantly among different mapping populations. Even in the maps presented by Sourdille et al. (32) , Xgwm388 is located on the bin next to the centromere and Xgwm501 on the second bin from the centromere in the ITMI map, whereas Xgwm388 is located in the middle of chromosome 2BL and both Xgwm501 and Xbarc1064 are located on the telomere region in the deletion map. Despite the position variations, these markers are all localized to chromosome 2BL. Based on this information, we could conclude that YrZak is approximately in the middle of 2BL and that the positions of Xgwm388 and Xgwm501 vary among genetic backgrounds.
Molecular markers have played an important role in understanding the genetic basis of desirable traits in wheat. An important use of markers has been marker-assisted selection, which is made possible by the identification of markers linked to important traits such as disease resistance. However, one of the major limitations of marker-assisted selection is lack of polymorphism at marker loci. To determine how useful markers are flanking YrZak in a wide range of wheat genetic backgrounds, we tested 30 wheat genotypes with three closely linked markers. The results indicate that using the combination of the three linked markers is better than one or two of the markers to determine the presence of the resistance gene. Because each of the three markers is absent in the majority of the tested wheat genotypes, they are useful to indicate the presence or absence of YrZak in breeding lines with Zak in their pedigree. Though YrZak alone is no longer effective against the recent predominant races in the United States, it could be used in combination with other genes to expand the resistance spectrum because it is effective against most races of P. striiformis f. sp. tritici identified in the United States before 2000.
